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A comprehensive phenomenological analysis of a two Higgs doublet model, with flavor-changing
scalar currents at the tree-level, called model III, is presented. Constraints from existing experi-
mental information especially on ∆F = 2 processes are systematically incorporated. Constraints
emerging from rare B-decays, Z → bb¯, and the ρ-parameter are also examined. Experimental
implications for e+e−(µ+µ−) → tc¯ + t¯c, t → cγ(Z, g), D0-D¯0, and B0s -B¯0s oscillations, and for
e+e−(Z) → bs¯ + b¯s are investigated and experimental effort towards these is stressed. We also
emphasize the importance of clarifying the experimental issues pertaining to Z → bb¯.
13.65.+i,12.60.Fr,11.30.Hv,14.65.Ha,14.80.Cp
I. INTRODUCTION
Recently we have been examining various issues [1,2], in a class of two Higgs doublet models (2HDM’s) which allow
flavor changing neutral currents (FCNC’s) at the tree level [3–7]. In this work we want to present a comprehensive
analysis which gives the details of the analytical calculations we used and summarize the status of our knowledge
regarding this type of 2HDM’s. In particular we will examine the important constraints and derive quantitative
bounds on the mass parameters and flavor changing (FC) couplings of the new scalar fields based on existing low
energy experiments.
FCNC’s are naturally suppressed in the standard model (SM) because they are forbidden at the tree level. However,
at the one loop level, the amplitudes for the Feynman diagrams which generate FC processes tend to increase with
virtual quark masses. Due to the large disparity in masses of the up-type quarks, the GIM [8] suppression gets very
effectively removed in loops of these (virtual) quarks. Therefore, FC transitions involving a pair of down-type quarks
get enhanced, due primarily to the presence of a top-quark in the loop, while FC transitions which involve up-type
quarks are usually very small. This motivates the interest in processes like b → s, dγ instead of t → cγ, Z or for
K0−K¯0 and B0−B¯0 mixing instead of D0 − D¯0 mixing.
There are many ways in which the extensions of the SM lead to FC couplings at the tree level. For instance, as
soon as we go from a theory with one doublet of scalar fields to a theory with two doublets, FCNC’s are generated
in the scalar sector of the theory. In this case, couplings such as tcγ or tcZ can get enhanced too, in much the same
manner as there is an enhancement of bsγ in the SM. The interest in this class of implications is obvious: we could
have a clear signal of new physics, since the SM prediction for any process involving a tcγ or a tcZ vertex is extremely
small.
As is well known, a model with tree level FCNC’s will also have many important repercussions for the ∆F = 2
mixing processes such as K0 − K¯0, B0 − B¯0, and D0 − D¯0. Indeed the measured size of the mixing amplitude for
K0−K¯0, known for a very long time, is so small that it places severe restrictions on the FC sector of extended models.
This led Glashow and Weinberg [9] to propose an ad hoc discrete symmetry whose sole purpose was to forbid tree-
level FCNC’s to appear in models with more than one Higgs doublet. In particular, for the simplest case of 2HDM’s,
depending on whether the up-type and down-type quarks couple to the same or to two different scalar doublets leads
to two versions of such models, called model I and model II. Both of them share with the SM the distinctive feature
that they do not allow tree-level FCNC’s. These models have been extensively studied and a multitude of interesting
implications have been discussed in the literature.
Our starting point for investigating tree-level FCNC’s is primarily based on the realization that the top quark may
be quite different from the lighter quarks. It may well be that the theoretical prejudice of the non existence of tree
level FCNC’s, based on experiments involving the lighter quarks, is not relevant to the top quark. This leads one
to formulate a model which allows the possibility of large tree level FCNC’s involving the top quark while it keeps
the FCNC’s of the lighter quarks, especially those involving the quarks of the first family, at a negligible level. A
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rather natural way of implementing this notion is by taking the new scalar FC vertices to be proportional to the
masses of the participating quarks at the vertex [3–5]. A hierarchy is then automatically introduced which enhances
the top quark couplings while keeping the couplings of the lighter quarks at some order of magnitude smaller. The
compatibility of any such assumption with the many constraints mentioned above clearly needs to be checked and the
allowed region of the parameter space determined, in particular, scalar masses and couplings. This type of 2HDM is
now referred to as model III [10].
Our first interest in model III was motivated by the idea of looking for top-charm production at an e+e− and/or
µ+µ− collider [1,2]. We were intrigued by the possibility of a clear signal for the reaction e+e− → tc¯ for which the
SM prediction is extremely small. The reaction has a distinctive kinematical signature in a very clean environment.
These characteristics, which are unique to the lepton colliders, should compensate for the lower statistics one expects
compared to those at hadron colliders. In this paper we present the details of our calculations for this important
process.
After a brief overview of model III in Sec. II, we will discuss e+e− → tc¯ + t¯c in Sec. III and present some of the
relevant formulae in detail in Appendix B. In Sec. IV we will consider the rare decays t→ cγ, Z and g; herein we will
also compare our results with those existing in the literature for t→ cγ and cZ in model III. Top-charm production
at a µ+µ− collider is briefly discussed in Sec. V. In Sec. VI we consider the repercussions of the ∆F = 2 mixing
processes and extract the constraints that emerge on parameters of model III. Sec. VII discusses the impact of the
experimental results for Br(B → Xsγ), the ρ-parameter and Z → bb¯. We then examine in Sec. VIII the physical
consequences of the constrained physical model for the B0s − B¯0s oscillations, the flavor-changing Z decay Z → b¯s+ bs¯,
and also some rare B-decays. Sec. IX offers the outlook and the conclusions.
II. THE MODEL
A mild extension of the SM with one additional scalar SU(2) doublet opens up the possibility of flavor changing
scalar currents (FCSC’s) at the tree level. In fact, when the up-type quarks and the down-type quarks are allowed
simultaneously to couple to more than one scalar doublet, the diagonalization of the up-type and down-type mass
matrices does not automatically ensure the diagonalization of the couplings with each single scalar doublet. For this
reason, the 2HDM scalar potential and Yukawa Lagrangian are usually constrained by an ad hoc discrete symmetry
[9], whose only role is to protect the model from FCSC’s at the tree level. Let us consider a Yukawa Lagrangian of
the form
L(III)Y = ηUijQ¯i,Lφ˜1Uj,R + ηDij Q¯i,Lφ1Dj,R + ξUijQ¯i,Lφ˜2Uj,R + ξDij Q¯i,Lφ2Dj,R + h.c. (1)
where φi, for i = 1, 2, are the two scalar doublets of a 2HDM, while η
U,D
ij and ξ
U,D
ij are the non-diagonal matrices of
the Yukawa couplings. Imposing the following ad hoc discrete symmetry
φ1 → −φ1 and φ2 → φ2 (2)
Di → −Di and Ui → ∓Ui
one obtains the so called model I and model II, depending on whether the up-type and down-type quarks are coupled
to the same or to two different scalar doublets respectively [11].
In contrast we will consider the case in which no discrete symmetry is imposed and both up-type and down-type
quarks then have FC couplings. For this type of 2HDM, which we will call model III, the Yukawa Lagrangian for the
quark fields is as in Eq. (1) and no term can be dropped a priori, see also refs. [7,1].
For convenience we can choose to express φ1 and φ2 in a suitable basis such that only the η
U,D
ij couplings generate
the fermion masses, i.e. such that
〈φ1〉 =
(
0
v/
√
2
)
, 〈φ2〉 = 0 . (3)
The two doublets are in this case of the form
φ1 =
1√
2
[(
0
v +H0
)
+
( √
2χ+
iχ0
)]
; φ2 =
1√
2
( √
2H+
H1 + iH2
)
. (4)
The scalar Lagrangian in the (H0, H1, H2, H±) basis is such that [12,11]:
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1. the doublet φ1 corresponds to the scalar doublet of the SM and H
0 to the SM Higgs field (same couplings and
no interactions with H1 and H2);
2. all the new scalar fields belong to the φ2 doublet;
3. both H1 and H2 do not have couplings to the gauge bosons of the form H1,2ZZ or H1,2W+W−.
However, while H± is also the charged scalar mass eigenstate, (H0, H1, H2) are not the neutral mass eigenstates.
Let us denote by (H¯0, h0) and A0 the two scalar plus one pseudoscalar neutral mass eigenstates. They are obtained
from (H0, H1, H2) as follows
H¯0 =
[
(H0 − v) cosα+H1 sinα]
h0 =
[−(H0 − v) sinα+H1 cosα] (5)
A0 = H2
where α is a mixing angle, such that for α= 0, (H0, H1, H2) coincide with the mass eigenstates. We find it more
convenient to express H0, H1, and H2 as functions of the mass eigenstates, i.e.
H0 =
(
H¯0 cosα− h0 sinα)+ v
H1 =
(
h0 cosα+ H¯0 sinα
)
(6)
H2 = A0 .
In this way we may take advantage of the mentioned properties (1), (2), and (3), as far as the calculation of the
contribution from new physics goes. In particular, only the φ1 doublet and the η
U
ij and η
D
ij couplings are involved in
the generation of the fermion masses, while φ2 is responsible for the new couplings.
After the rotation that diagonalizes the mass matrix of the quark fields, the FC part of the Yukawa Lagrangian
looks like
L(III)Y,FC = ξˆUijQ¯i,Lφ˜2Uj,R + ξˆDij Q¯i,Lφ2Dj,R + h.c. (7)
where Qi,L, Uj,R, and Dj,R denote now the quark mass eigenstates and ξˆ
U,D
ij are the rotated couplings, in general not
diagonal. If we define V U,DL,R to be the rotation matrices acting on the up- and down-type quarks, with left or right
chirality respectively, then the neutral FC couplings will be
ξˆU,Dneutral = (V
U,D
L )
−1 · ξU,D · V U,DR . (8)
On the other hand for the charged FC couplings we will have
ξˆUcharged= ξˆ
U
neutral · VCKM
ξˆDcharged=VCKM · ξˆDneutral (9)
where VCKM denotes the Cabibbo-Kobayashi-Maskawa matrix. To the extent that the definition of the ξ
U,D
ij couplings
is arbitrary, we can take the rotated couplings as the original ones. Thus, we will denote by ξU,Dij the new rotated
couplings in Eq. (8), such that the charged couplings in Eq. (9) look like ξU · VCKM and VCKM · ξD. This form of
the charged couplings is indeed peculiar to model III: they appear as a linear combination of neutral FC couplings
multiplied by some CKM matrix elements. This is an important distinction between model III on the one hand, and
models I and II on the other. As we will see in the phenomenological analysis this can have important repercussions
for many different physical quantities.
In order to apply to specific processes we have to make some definite ansatz on the ξU,Dij couplings. Many different
suggestions can be found in the literature [3–5,1]. In addition to symmetry arguments, there are also arguments
based on the widespread perception that these new FC couplings are likely to mainly affect the physics of the third
generation of quarks only, in order to be consistent with the constraints coming from K0−K¯0 and B0−B¯0. A natural
hierarchy among the different quarks is provided by their mass parameters, and that has led to the assumption that
the new FC couplings are proportional to the mass of the quarks involved in the coupling. Most of these proposals
are well described by the following equation
ξU,Dij = λij
√
mimj
v
(10)
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FIG. 1. Example of one-loop contributions to the Ztc and γtc vertices in model III.
which basically coincides with what was proposed by Cheng and Sher [3]. In this ansatz the residual degree of
arbitrariness of the FC couplings is expressed through the λij parameters, which need to be constrained by the
available phenomenology. In particular we will see how K0−K¯0 and B0−B¯0 mixings (and to a less extent D0−D¯0
mixing) put severe constraints on the FC couplings involving the first family of quarks. Additional constraints are
given by the combined analysis of the Br(B → Xsγ), the ρ-parameter, and Rb, the ratio of the Z → bb¯ rate to the
Z-hadronic rate. We will analyze all these constraints in the following sections and discuss the resulting configuration
of model III at the end of Sec. VII.
III. TOP-CHARM PRODUCTION AT e+e− COLLIDERS
The presence of FC couplings in the Yukawa Lagrangian of Eq. (1) affects the top-charm production at both
hadron and lepton colliders. In particular we want to study top-charm production at lepton colliders, because, as we
have emphasized before [1,2], in this environment the top-charm production has a particularly clean and distinctive
signature. In principle, the production of top-charm pairs arises both at the tree level, via the s-channel exchange
of a scalar field with FC couplings, and at the one loop level, via corrections to the Ztc and γtc vertices. We will
consider in this section the case of an e+e− collider and in Sec. V that of a µ+µ− collider.
The s-channel top-charm production is one of the new interesting possibilities offered by a µ+µ− collider in studying
the physics of standard and non-standard scalar fields (see Sec. V and refs. therein). However, it is not relevant for an
e+e− collider, because the coupling of the scalar fields to the electron is likely to be very suppressed (see Eq. (10)).
Therefore we will consider top-charm production via γ and Z boson exchange, i.e. the process e+e− → γ∗, Z∗ → t¯c+c¯t,
where the effective one loop γtc or Ztc vertices are induced by scalars with FC couplings (e.g. model III) [13].
Let us write the one loop effective vertices Ztc and γtc in the following way
∆
(V )
tc =
1
16pi2
c¯
(
A(V )γµ +B(V )γµγ5 + iC(V )σµν
qν
mt
+ iD(V )σµν
qν
mt
γ5
)
tVµ (11)
where V = γ, Z and A(γ,Z), B(γ,Z), . . . denote the form factors generated by one loop corrections. A sample of the
corrections one has to compute in model III is given in Fig. 1, for both the neutral and the charged scalar fields. The
analytical expressions are given in Appendix B where the details of the form factor calculation are also explained.
In terms of the A(γ,Z), B(γ,Z),. . . form factors we can compute the cross section for e+e− → γ∗, Z∗ → c¯t+ t¯c. The
total cross section will be the sum of three terms
σtot = σγ + σZ + σγZ (12)
corresponding to the pure photon, pure Z and photon-Z interference contributions respectively. Thus
σγ =
1
128pi4
αe
2s
Ncβ
4
(
1− 1
3
β2
)[
|Aγ |2 + |Bγ |2 − 1
(1− β2) (|C
γ |2 + |Dγ |2)
]
(13)
4
σZ =
1
128pi4
s
D(s)2
αe
16s2
W
c2
W
Nc(1− 4s2W + 8s4W )β4
(
1− 1
3
β2
)[
|AZ |2 + |BZ |2 − 1
(1− β2) (|C
Z |2 + |DZ |2)
]
(14)
σγZ =
1
128pi4
αe
4sWcW
Nc(1 − 4s2W )β4
(
1− 1
3
β2
)
·
{
ReD(s)
[
ReAγReAZ + ImAγImAZ +ReBγReBZ
+ ImBγImBZ − 1
(1 − β2)
(
ReCγReCZ + ImCγImCZ +ReDγReDZ + ImDγImDZ
)]
+ ImD(s)
[
ReAγImAZ − ImAγReAZ +ReBγImBZ − ImBγReBZ (15)
− 1
(1− β2)
(
ReCγImCZ − ImCγReCZ +ReDγImDZ − ImDγReDZ)
]}
where αe denotes the QED fine structure constant, sW = sin θW , cW = cos θW , s = q
2 is the center of mass energy
squared, D(s) denotes the Z boson propagator and we have introduced
β2 = 1− m
2
t
s
. (16)
We will consider the total cross section normalized to the cross section for producing µ+µ− pairs via one photon
exchange, i.e.
Rtc ≡ σ(e
+e− → tc¯+ t¯c)
σ(e+e− → γ∗ → µ+µ−) (17)
and normalized to λij ≃ λ = 1 (see Eq. (10)). For the moment, we want to simplify our discussion by taking the
same λ for both ξUtt and ξ
U
ct. Moreover, we want to factor out this parameter, because it summarizes the degree of
arbitrariness we have on these new couplings and it will be useful for further discussion. We will elaborate more about
the possibility of considering different alternatives for the FC couplings in Sec. VII, after we present a comprehensive
analysis of the constraints.
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FIG. 2. Rtc/λ4 vs.
√
s for case 1 (solid), case 2 (dashed), and case 3 (dot-dashed), with mt = 180 GeV. See Eq. (18).
As already discussed in Ref. [1], we take mt≃ 180 GeV and vary the masses of the scalar and pseudoscalar fields
in a range between 200 GeV and 1 TeV. Larger values of the scalar masses are excluded by the requirement of a
weak-coupled scalar sector. The phase α does not play a relevant role and, as we discuss in Appendix B, in our
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Decay SM Model I Model II Model III
t→ cγ ∼ 5 · 10−12 10−13−10−11 10−13−10−9 10−12−10−7
t→ cZ ∼ 10−13 10−13−10−11 10−13−10−10 10−8−10−6
t→ cg ∼ 5 · 10−11 10−11−10−9 10−11−10−8 10−8−10−4
TABLE I. Values of Br(t → cγ), Br(t → cZ), and Br(t → cg) for mt ≃ 180 GeV, in the SM and in the 2HDM’s denoted
as Model I, Model II, and Model III. Each range is obtained by varying mc, mh, mA, tanβ, . . . over a broad region of the
parameter space of the corresponding model, as explained in the text. For Model III, we have fixed λij ≃ λ = 1 in the FC
couplings.
qualitative analysis we will set α= 0. In this case, as we can read in Eqs. (5) or (6), H0 = H¯0 + v, H1 = h0, and
H2=A0 and the only new contributions come from h0 and A0. In Fig. 2 we plot Rtc/λ4 as a function of
√
s for a
sample of relevant cases, in which one of the scalar particles is taken to be light (Ml ≃ 200 GeV) compared to the
other two (Mh≃1 TeV), i.e.
1) mh =Mℓ and mA ≃ mc ≃Mh ;
2) mA =Mℓ and mh ≃ mc ≃Mh ; (18)
3) mc =Mℓ and mh ≃ mA ≃Mh .
where mh and mA are the neutral scalar and pseudoscalar masses and mc is the charged scalar mass respectively.
We find that even with different choices of mh, mA and mc it is difficult to push R
tc/λ4 much higher than 10−5.
Therefore the three cases illustrated in Fig. 2 appear to be a good sample to illustrate the type of predictions we can
obtain for the rate for top-charm production in model III.
From Fig. 2, we also see that going to energies much larger than ∼ 400–500 GeV (i.e. ∼ 2Ml) does not gain much
in the rate and in this case Rtc/λ4 can be as much as 10−5. Since it is reasonable to expect 104–105 µ+µ− events
in a year of running for the next generation of e+e− colliders (
∫ L ≃ 5 × 1033 cm−2sec−1) at √s = 500 GeV, this
signal could be at the detectable level only for not too small values of the arbitrary parameter λ. Thus we can expect
experiments to be able to constrain λ ∼< 1, for scalar masses of a few hundred GeVs.
IV. RARE TOP DECAYS: t→ cγ, Z, g
Starting from the form factors defined in Eq. (11) and given in Appendix B, we can also easily derive the rates for
rare top decays like t → cγ, t → cZ and t → cg. The study of rare top decays has been often emphasized in the
literature [15,16,10,7], in particular, as a potential source of evidence for new physics. Indeed, as we can read from
Table I, these decays are extremely suppressed in the SM and they are quite small even in the 2HDM’s without tree
level FCNC’s (i.e. both in model I and in model II) [15,16]. This is due to a strong GIM suppression from the small
value of the internal quark masses md,s,b as well as the large tree level rate for t→ bW . On the other hand, these rare
top decays normally get enhanced in models with FCNC’s and this motivates us to estimate their branching ratio
in model III. From the experimental point of view the prospects for the three modes, t → cγ, cZ, and cg are quite
different. In particular, t→ cg could be quite problematic for a hadron collider and the backgrounds will have to be
considered before one can ensure that they do not represent a serious limitation. On the other hand, for the e+e−
case background issues are less likely to be a serious problem even for t→ cg.
In model III the modes t→ cγ and t→ cZ have been previously considered [7] and their rates are given by
Γ(t→ cγ) = 1
(16pi2)2
1
8pi
(|Cγ |2 + |Dγ |2) (19)
6
Γ(t→ cZ) = 1
(16pi2)2
1
16pimt
(
1− M
2
Z
m2t
)(
m2t
M2Z
− 1
)[
(m2t + 2M
2
Z)
(|AZ |2 + |BZ |2)
− 6M2ZRe (AZ∗CZ −BZ∗DZ) +M2Z
(
M2Z
m2t
+ 2
)(|CZ |2 + |DZ |2)
]
. (20)
The rate for t→ cg can be written in an analogous manner, as,
Γ(t→ cg) = 1
(16pi2)2
1
8pi
CF
(|Cg|2 + |Dg|2) (21)
where CF = (N
2 − 1)/2N .
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FIG. 3. Branching fraction for t→ cγ (solid), t→ cZ (dot-dashed), and t→ cg (dashed) as a function of a common scalar
mass Ms, when mt = 180 GeV.
The branching ratios reported in Table I are obtained by normalizing Γ(t → cγ), Γ(t → cZ) and Γ(t → cg), for
simplicity, just to the main decay t→ bW rate, i.e.
Γ(t→ bW ) = GF
8pi
√
2
|Vtb|2m3t
(
1− M
2
W
m2t
)(
1 +
M2W
m2t
− 2M
4
W
m4t
)
. (22)
The branching ratios for model I and model II are deduced from the analysis of Ref. [15,16], with mt≃180 GeV. The
results for model III are obtained by varying the neutral and the charged scalar masses between 200 GeV and 1 TeV,
assuming different patterns as explained in the preceding section (see for instance Eq. (18)). In particular the upper
bounds on the different branching ratios given in Table I are obtained by taking the scalars to have a common and
relatively small mass. We also notice that in model III the results show a significant dependence on mt, such that the
numbers in Table I change on the average by as much as an order of magnitude when mt is varied between 150 GeV
and 200 GeV. This sensitivity to mt may become relevant when the experiments ever get to the point of being able
to measure this type of rare top decay. Finally, in the FC couplings of Eq. (10) we also take all the λij parameters to
be equal to λ. In particular, the numbers in Table I are given for λ=1.
Our analytical expressions for the form factors contain some differences with respect to Ref. [7], as explained in
Appendix B [17]. Numerically they end up being most relevant for t → cγ. Fig. 3 illustrates the case in which a
common valueMs is taken for all the scalar masses, as might be useful for comparison [18] with Fig. 2 of Ref. [7]. We
can see that the analytical difference between us and Ref. [7] translates into a numerical difference of more than one
order of magnitude for the t→ cγ decay rate.
From Table I, we see that Br(t → cγ), Br(t → cZ), and Br(t → cg) can be substantially enhanced with respect
both to the SM and to the 2HDM’s with no FCSC’s (i.e. model I and model II). Depending on the size of the FC
couplings, in model III we can gain even more than two of orders of magnitude in each branching ratio. This is likely
to make a crucial difference at the next generation of lepton and hadron colliders where a large number of top quarks
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will be produced. Therefore these machines will be sensitive to signals from non-standard top decays and should be
able to put stringent bounds on the new interactions involved, the FC couplings of model III in our case. In view
of these future possibilities, a careful study of the FC couplings of the model is mandatory and we will analyze the
constraints that emerge from existing experiments in Secs. VI–VII.
V. TOP-CHARM PRODUCTION AT µ+µ− COLLIDERS
Another interesting possibility to study top-charm production is offered by muon colliders [2]. Although very much
in the notion stage at present, a µ+µ− collider has been suggested [19–22] as a possible lepton collider. Muon colliders
are especially interesting for two main reasons. They can allow a detailed study of the s-channel Higgs and also they
may make it feasible to have high energy lepton colliders in the multi-TeV regime. Neither of these goals is attainable
with an e+e− collider.
If muon colliders are eventually shown to be a practical and desirable tool, most of the applications would be very
similar to electron colliders. One additional advantage alluded to above, however, is that they may be able to produce
Higgs bosons (H) in the s-channel in sufficient quantity to study their properties directly [19,23–25,2]. The crucial
point is that in spite of the fact that the µ+µ−H coupling, being proportional to mµ, is very small, if the muon
collider is run on the Higgs resonance,
√
s = mH, Higgs bosons may be produced at an appreciable rate [19,23–25,2].
At
√
s = mH, the cross section for producing H, σH, normalized to σ0 = σ(µ+µ− → γ∗ → e+e−), is given by
[24,25]
R(H) = σH
σ0
=
3
α2e
BHµ (23)
where BHµ is the branching ratio of H → µ+µ− and αe is the QED fine structure constant. If the Higgs is very narrow,
the exact tuning to the resonance implied in Eq. (23) may not in general be possible. The effective rate of Higgs
production will then be given by [25]
R˜(H) =
[
ΓH
mHδ
arctan
mHδ
ΓH
]
R(H) (24)
where it is assumed that the energy of the beam has a finite spread described by δ
m2H(1− δ) < s < m2H(1 + δ) (25)
and s is uniform about this range.
In a recent paper [2] we have considered the simple but fascinating possibility that such a Higgs, H, has a flavor-
changing Htc¯ coupling, as is the case in model III or in any other 2HDM with FCNC’s. The process µ+µ− → tc¯+ t¯c
will then arise at the tree level as illustrated in Fig. 4. It will give a signal which should be easy to identify, is likely
to take place at an observable rate, and has a negligible SM background. Thus the properties of the important Htc¯
coupling may be studied in detail.
µ+
µ-
h0,A0
t
c
µ+
µ-
h0,A0
c
t
FIG. 4. Tree level contributions to µ+µ− → t¯c+ tc¯ in model III.
For illustrative purposes we take H = h0 in model III where α = 0 (case 1) or pi/4 (case 2). The main distinction
between the two cases is that in case 2 the decays h0 → ZZ, WW are possible while in case 1 they are not (see
Appendix A for the relevant Feynman rules). Thus case 1 is very similar to H = A0. This will matter in computing
the total width of the h0 boson, i.e. the Br(h0 → tc), while it was completely irrelevant in the e+e− → γ∗, Z∗ → tc¯+ct¯
calculation.
In general the FC coupling of h0 to tc¯ can be written as
Chtc =
1√
2
(
ξtcPR + ξ
†
ctPL
)
cosα ≡ g
√
mtmc
2mW
(χRPR + χLPL) (26)
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FIG. 5. Rtc for δ = 0, 10
−3 and 10−2 in case 1 (set of solid curves) and case 2 (set of dashed curves). We also plot R˜(H) in
case 1 (dot-dashed) and case 2 (dotted).
where χL and χR are in general complex numbers and of order unity if Eq. (10) applies. In particular we will consider
the case in which λct = λ ≃ O(1) (see Eq. (10)) and χL and χR are real. We treated the more general case in Ref. [2]
to which we refer for further details.
The decay rate to tc¯ is thus
Γ(H → tc¯) = 3g
2mtmcmH
32piM2W
[
(m2H −m2t )2
m4H
]( |χR|2 + |χL|2
2
)
(27)
and, Γ(H → tc¯) = Γ(H → ct¯) at the tree level that we are considering for now.
As we did in Sec. III for the e+e− case, also in the µ+µ− case we can define the analogue of Rtc in Eq. (17) to be
Rtc = R˜(H) (BHtc¯ +BHct¯ ) (28)
where BHtc¯ and B
H
ct¯
are the branching ratio for H → tc¯ and H → ct¯ respectively. We estimate Rtc in the following two
cases:
i) case 1: α = 0 ;
ii) case 2: α = pi/4 .
Using the result in Eq. (27) [2] and taking the expressions for the standard partial widths for H (e.g. Γ(H → tt¯),
Γ(H → bb¯), . . .) from the literature [11], we obtain the following results. In case 1, if mH is below the tt¯ threshold,
Rtc is about 10
−2 − 1 and in fact tc makes up a large branching ratio. Above the tt¯ threshold Rtc drops. For case 2
the branching ratio is smaller due to the WW and ZZ threshold at about the same mass as the tc threshold and so
Rtc is around 10
−3. All these results are illustrated in Fig. 5, where we plot R˜(H) and Rtc with δ = 0, 10−3 and 10−2
in case 1 and case 2 .
For a specific example, let us take mH = 300 GeV, i.e. σ0 ≈ 1 pb. For a luminosity of 1034cm−2s−1, a year of 107 s
(1/3 efficiency) and for δ = 10−2, case 1 will produce about 5× 103(tc¯+ t¯c) events and case 2 will produce about 150
events. Given the distinctive nature of the final state and the lack of a SM background, sufficient luminosity should
allow the observation of such events.
If such events are observed, the µ+µ− collider offers the additional interesting possibility of extracting the values of
the χL and χR couplings in Eq. (26) separately. What is measured initially at a µ
+µ− collider is Rtc. One is required
to know the total width of the H and the energy spread of the beam in order to translate this into Γ(H → tc¯). This
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FIG. 6. Tree level contributions to each different F 0−F¯ 0 mixing, for F = K,Bd, D, in model III.
then allows the determination of |χL|2 + |χR|2 (see Eq. (27)). To get information separately on the two couplings we
note that the total helicity of the top quark is
Ht = −Ht¯ =
|χR|2 − |χL|2
|χR|2 + |χL|2 (29)
from which one may therefore infer |χL| and |χR|. Of course the helicity of the t cannot be observed directly. However,
following the discussion of [25,2] one may obtain it from the decay distributions of the top quark. Unfortunately in
the limit of small mc the helicity of the c-quark is conserved. Hence the relative phase of χL and χR may not be
determined since the two couplings do not interfere.
VI. CONSTRAINTS FROM F 0−F¯ 0 MIXING PROCESSES
From the previous analysis we see that both e+e− , µ+µ− → c¯t+ t¯c and t→ cγ, Z, g could be of some experimental
relevance depending on the size of the FC couplings of model III. As is well known from the literature on FCNC’s, the
most dangerous constraints on tree level FC couplings come usually from F 0−F¯ 0 mixing processes (F = K,Bd, D)
[3–5]. In these references we can find the bounds imposed on some tree level FC couplings by different F 0−F¯ 0 mixing
processes. Due to the specific structure of the couplings of model III and to the new phenomenology at hand, we
think that a more careful analysis is due, which takes into account both tree level and loop contributions. We have
examined the ∆F =2 mixing processes in detail and concluded that both the K0−K¯0 and the B0d−B¯0d mixings are
particularly effective in constraining some FC couplings, while the experimental determination of the D0−D¯0 mixing
is, for now, not good enough to compete with the other two mixings. However, due to the different flavor structure
of the D0−D¯0 mixing, it would be extremely important to have a good experimental determination in this case as
well. We will address the problem more specifically later on in this section.
In a model with FCNC’s, F 0− F¯ 0 mixing processes can arise at the tree level. Therefore they are likely to be
greatly enhanced with respect to the SM where they appear only at the one loop level. Due to the good agreement
between the SM prediction and the experimental determination of the mass difference in the K0−K¯0 and B0d−B¯0d
systems, any tree level contribution from elementary FC couplings needs to be strongly suppressed. This was the
original motivation for imposing on the 2HDM’s a discrete symmetry [9] which could prevent tree level FCNC’s from
appearing (model I and model II). Our goal will be now to verify if, in model III, the hierarchy imposed on the
ξU,Dij couplings by the ansatz in Eq. (10) is strong enough to make the tree level contribution to any F
0−F¯ 0 mixing
sufficiently small to be compatible with the experimental constraints.
For any F 0− F¯ 0 mixing we have evaluated, both at the tree level and at the one loop level, the mass difference
between the mass eigenstates of the system, given respectively by
MK∆MK ≃ Re〈K0|(s¯d)V−A(s¯d)V−A|K¯0〉
MBd∆MBd ≃ |〈B0d |(b¯d)V−A(b¯d)V−A|B¯0d〉| (30)
MD∆MD ≃ |〈D0|(c¯u)V−A(c¯u)V−A|D¯0〉|
where we use the notation (q¯q′)V−A = q¯γµ(1− γ5)q′. The tree level contributions for each different mixing are shown
in Fig. 6, while a sample of one loop contributions are illustrated in Figs. 7 and 8, for the box and the penguin
diagrams respectively.
In our analysis we have made some general approximations which we want to discuss first.
i) We observe that, as in the calculation of the Ztc and γtc form factors in Sec. III, also in this case the value of
the phase α plays a minor role numerically. Therefore, as we did in Sec. III, we will set α=0 in the following
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FIG. 7. Box diagrams which contribute at one loop to the K0−K¯0 and to the B0d−B¯0d mixing, in model III. The D0−D¯0
case is obtained by appropriately replacing the external and internal quark states.
analysis. Once that is done we can focus our attention only on the contributions coming from H1=h0, H2=A0,
and H+. The possibility of having FCNC’s induced by h0 and A0 will give rise to the tree level ∆F =2 mixings
of Fig. 6.
ii) In the evaluation of the one loop contributions to the ∆F =2 mixings, we will take advantage of the fact that
they are due to scalar bosons whose couplings to the quark fields are proportional to the masses of the quarks
involved and, for the charged scalar, to some combinations of CKM matrix elements. Therefore, in each case we
will consider only the dominant contribution, which quite often will correspond to the diagrams with a heavy
quark loop. This procedure is clearly more approximate than the exact calculation one uses to perform in the
SM [26], but a similar order of accuracy would not be necessary in our case. Nevertheless, as a check of our
calculation, we have reproduced the SM result for each mixing and used it as a reference point to fix the right
relative signs and normalizations.
iii) The ∆F =2 effective interactions generated by the new scalar fields are often more complicated compared to the
SM results [26], because the scalar-fermion couplings involve more chiral structures. Therefore, the evaluation
of the mass difference in the various F 0−F¯ 0 systems will involve the matrix elements of operators other than
just the SM one
OSM∆F=2 = O
F
V LL = (f¯γ
µ(1− γ5)q)(f¯ γµ(1 − γ5)q) . (31)
In general, matrix elements of the following operators are involved
OFS = (f¯ q)(f¯ q)
OFP = (f¯γ5q)(f¯γ5q)
OFV = (f¯γ
µq)(f¯γµq)
OFA = (f¯γ
µγ5q)(f¯γµγ5q) (32)
OFV LR = (f¯γ
µ(1− γ5)q)(f¯ γµ(1 + γ5)q)
OFLL = (f¯(1− γ5)q)(f¯ (1− γ5)q)
OFLR = (f¯(1− γ5)q)(f¯ (1 + γ5)q)
for F = K,Bd, D; f = s, b, c and q = d, u depending on the F
0 meson that we consider. The matrix element of
OSM∆F=2 is usually given as
〈F 0|OSM∆F=2|F¯ 0〉 = BF 〈F 0|OSM∆F=2|F¯ 0〉V IA (33)
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FIG. 8. Penguin diagrams which contribute at one loop to the K0−K¯0 and to the B0d−B¯0d mixing, in model III. The D0−D¯0
case is obtained by appropriately replacing the external and internal quark states.
where the ratio of the matrix element itself to its value in the Vacuum Insertion Approximation (VIA) is
expressed by the B-parameter BF . Extensive non-perturbative studies of BK and BB exist in the literature,
especially from lattice calculations [27]. For our purpose, we just want to evaluate each matrix element in
the VIA and use a common B-parameter (the one for OFV LL). Clearly this is only an approximation. Such
an approximation may be problematic in the SM, where one aims to get a very precise prediction, but it
suffices for our qualitative discussion. In particular, we will assume BK = 0.75, BB = 1, and BD = 1 [27].
Moreover, according to Ref. [28] and to analogous calculations we performed for those operators that were not
considered there, we will use the following expressions for the ∆F =2 matrix elements of the OFa operators (for
a = S, P, V,A, V LL, V LR,LL,LR) in the VIA
MFS = 〈F 0|OFS |F¯ 0〉V IA = −
1
6
M0,FP +
1
6
M0,FA
MFP = 〈F 0|OFP |F¯ 0〉V IA =
11
6
M0,FP −
1
6
M0,FA
MFV = 〈F 0|OFV |F¯ 0〉V IA =
2
3
M0,FP +
1
3
M0,FA
MFA = 〈F 0|OFA |F¯ 0〉V IA = −
2
3
M0,FP +
7
3
M0,FA (34)
MFV LL = 〈F 0|OFV LL|F¯ 0〉V IA =
8
3
M0,FA
MFV LR = 〈F 0|OFV LR|F¯ 0〉V IA =
4
3
M0,FP − 2M0,FA
MFLL = 〈F 0|OFLL|F¯ 0〉V IA =
5
3
M0,FP
MFLR = 〈F 0|OFLR|F¯ 0〉V IA = −2M0,FP +
1
3
M0,FA
for F = K,Bd, D. All the previous matrix elements have been expressed in terms of the matrix elements of the
only two operators which do not vanish on the vacuum, i.e.
M0,FP = 〈F¯ 0|ψ¯fγ5ψq|0〉〈0|ψ¯fγ5ψq|F 0〉 = −f2F
M4F
(mf +mq)2
(35)
M0,FA = 〈F¯ 0|ψ¯fγµγ5ψq|0〉〈0|ψ¯fγµγ5ψq|F 0〉 = f2FM2F
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whereMF andmf indicate respectively the mass of the meson and of the quark of flavor f . The recent evaluation
of the pseudoscalar decay constants (fF ) can be found in the literature [29]. In our calculation we have used
the following set of values: fK = 0.160 GeV, fB = 0.175 GeV, and fD = 0.200 GeV, where the first value comes
from experiments and the last two are representatives of lattice calculations.
iv) No QCD corrections have been taken into account for model III. From the SM case [30,31] we know that these
corrections can be important when a precise comparison with the experimental data is needed [32]. However,
in model III they would affect the evaluation of the constraints at a much higher degree of accuracy compared
to the approximations that we are adopting; therefore we neglect them.
We now proceed to the discussion of the important results. In Eq. (10) we basically parametrize our ignorance of
the FC couplings of model III introducing the λU,Dij mixing parameters. Therefore, the constraints we are going to
impose will allow us to deduce the order of magnitude of some of the λU,Dij . Due to the fact that the analysis of any
F 0−F¯ 0 mixing will involve both tree level and one loop contributions, we will have to deal with several couplings at
the same time. In order to simplify the analysis we will first take all the λU,Dij parameters to be equal. Depending on
the result of this first approach to the problem, we will consider the possibility that different couplings are differently
enhanced or suppressed. According to this logic, we have considered the following cases, corresponding to three
possible assumptions on the FC couplings of Eq. (10).
Case 1 : λij ≃ λ common to all the FC couplings.
Case 2 : λui, λdj ≪ 1 for i, j = 1, 2, 3, i.e. negligible FC couplings for the first generation and no assumptions on the
other FC couplings.
Case 3 : as Case 2 but with the further assumption that
λbb, λsb ≫ 1 and λtt, λct ≪ 1 . (36)
The results for each F 0−F¯ 0 mixing (F = K,Bd, D) in case 1, case 2, and case 3 are reported in Table II, where we also
give the corresponding experimental results [33,34] and the SM predictions [31,30,35]. Both for the SM and for each
case of model III we also specify whether the dominant contribution is due to tree level or to one loop diagrams. The
different relevance of the tree level and one loop contributions and how this imposes constraints on some particular
couplings will be explained as we go along the discussion in this section. Moreover, for each different choice of the
couplings, we have varied mh, mA, and mc in the range between 100 GeV and 1 TeV. This is the reason for the range
of values that are given in Table II for each case and for each mixing in model III. In this section we will discuss
in particular case 1 and case 2. The scenario described by case 3 results from the constraints imposed by Rb, ρ and
Br(B → Xsγ) and will be discussed in some detail in Sec. VI. For convenience, a summary of its results is reported
in Table II as well.
In Case 1, i.e. when all the FC couplings are parametrized in terms of a unique λ, the leading contribution
comes from the tree level diagrams of Fig. 6. The one loop contributions are always subleading all over the mass
parameter space. For each F 0−F¯ 0 mixing, there are two possible tree level contributions, mediated by an h0 and an
A0 neutral field respectively. We want to consider them separately because in our analysis we will vary mh and mA
independently. Moreover the two contributions differ by the chiral structure of the resulting four fermion effective
interaction, of S-type for the h0 exchange and of P -type for the A0 exchange (see their Feynman rules in Appendix
A). SinceMFP ≫MFS , the distinction between the two tree level contributions becomes important and we write them
as follows
h0 → ∆M treeF = 2
(
ξU,Dfq
)2 1
m2h
MFS (37)
A0 → ∆M treeF = −2
(
ξU,Dfq
)2 1
m2A
MFP
for F = K,B,D, f = s, b, c, and q = d or u depending on the mixing that is of interest. In particular, since
MFP ≫MFS , we observe that an interesting possibility will be to have a light h0 and a much heavier A0. In this way
the A0 contribution would not be too large, while we would still have a light scalar field with FC interactions.
In Fig. 9 we illustrate the constraints imposed on the parameter λ by the tree level mixings in the K0−K¯0, B0d−B¯0d,
and D0−D¯0 case respectively. We recall that λ is common to the three FC couplings which govern the tree level
mixings
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K0−K¯0 B0d−B¯0d D0−D¯0
Experiment 3.51 · 10−15 3.26 · 10−13 < 1.32 · 10−13
SM
One
Loop
1.4− 4.6 · 10−15 10−13 − 10−12 10−17 − 10−16
Model III
(Case 1)
Tree
Level
10−14 − 10−13 10−12 − 10−11 10−13 − 10−12
Model III
(Case 2)
One
Loop
10−18 − 10−17 10−14 − 10−13 10−17 − 10−18
Model III
(Case 3)
One
Loop
10−20 − 10−19 10−17 − 10−16 10−14 − 10−15
TABLE II. Experimental values and theoretical predictions in the SM and in model III for ∆MF (in GeV) for different F
0−F¯ 0
mixings (F = K,Bd,D). Case 1, case 2, and case 3 correspond to three possible scenarios in which different assumptions are
made on the FC couplings, as described in the text. Each range is obtained by varying the parameters of the model over a
large region of the parameter space, compatible with phenomenology and with the assumption of weakly coupled scalar fields.
The leading contributions (tree level or one loop) are also indicated in each case.
ξDsd = λ
√
msmd
v
, ξDbd = λ
√
mbmd
v
, ξUcu = λ
√
mcmu
v
(38)
The three curves represent the upper bounds on λ imposed by the present experimental results (see Table II) for
different values of the neutral pseudoscalar mass mA, when we fix mh = 200 GeV. Lighter values of mh would not
give any relevant change to these bounds. Therefore, for each value of mA, the region above a given curve is ruled
out by the corresponding F 0−F¯ 0 mixing. As we can see, the most relevant role is played by K0−K¯0 and B0d−B¯0d,
which constrain λ to be definitely smaller than unity, even for large values of mA (i.e. mA ∼ 1 TeV). We have verified
that if the experimental precision on D0−D¯0 were increased by one order of magnitude, this mixing would also start
to play approximately the same role as K0−K¯0 and B0d−B¯0d, so that the three lines in Fig. 9 would then roughly
collapse into one line. We thus see that the ∆F =2 mixings put severe bounds on the magnitude of the ξU,Dij couplings
when we require all of them to be proportional to a common λ. For λ ≤ 0.1 (as in Fig. 9 for mA ∼ 200 GeV) it
becomes difficult for the FC couplings of model III to play a role in any process. For instance, the case of top-charm
production that we discussed in Sec. III as well as any rare top decay would be too suppressed to be of experimental
relevance. On the other hand there is no good reason to assume that all the λij of Eq. (10) are equal.
Therefore, let us consider next the more general case in which the λij parameters are different for each different
coupling. This is indeed the scenario that we identified as Case 2. We do not have enough specific measurements
to constrain all of them independently. However we can make some general remarks. We first observe that the tree
level mixings constrain only three couplings to be necessarily small: ξDsd, ξ
D
bd and ξ
U
uc. In particular, we can take the
point of view that the bounds on λ in Fig. 9 do apply only to λsd, λbd, and λuc. In general, we can assume that
all the FC couplings involving the first family, including also ξUut, are suppressed. In case 2, the tree level mixings
are suppressed enough that some loop contributions might become important. We will consider a loop contribution
to become important when it is clearly bigger than the corresponding SM prediction, because only in this case it
becomes possible to deduce a strong bound on the new FC couplings.
The one loop diagrams that are most likely to be relevant are those which involve charged scalars only, because
the charged couplings can also contain terms that do not involve any of the suppressed couplings (see Eq. (9)) of the
first-family. This is not the case for the penguin-like diagrams of Fig. 8, which indeed turn out to be negligible, except
for very light and unrealistic values of the neutral scalar and pseudoscalar masses. We mainly have to focus on the
box diagrams of Fig. 7 with charged scalars. Moreover, we notice that, if of comparable size, the most relevant box
diagrams are going to be those with only one (rather than two) charged scalar boson because they are proportional
to the product of two λij instead of four λij . Thus, if quantitatively relevant with respect to the corresponding SM
14
0.2
0.4
0.6
0.8
1
1.2
200 300 400 500 600 700 800 900 1000
MA
λ
FIG. 9. Upper bounds on λ imposed by the tree level mixings illustrated in Fig. 6: K0−K¯0 (dashed), B0d−B¯0d (solid), and
D0−D¯0 (dot-dashed).
contributions, they may be as effective as the tree level mixing in constraining the λ’s.
For the B0d−B¯0d mixing, the only sizable contribution comes from the diagrams with a top quark in the loop, because
the scalar field couples to the quarks as given by Eq. (10), i.e. proportionally to their masses. For K0−K¯0 mixing,
the diagram with a charm quark in the loop can be even more important than the one with a top quark, because of
the CKM couplings involved. Finally, in the D0−D¯0 case, the most relevant loop contributions come from the box
diagram with a bottom quark in the loop. For very light mh and mA, the penguin diagrams generated by h
0 and A0,
with a top loop, can be comparable.
The results of this analysis can be read off Table II. In spite of the high degree of arbitrariness that we have in
model III, we do not find any region of the parameter space in which the one loop contributions in case 2 are definitely
larger than the SM prediction. In other words, once the first family is assumed to decouple, the ∆F =2 processes for
K0−K¯0, B0d−B¯0d and D0−D¯0 place no further constraints on the remaining FC couplings (i.e. ξUct and ξDsb). Therefore
this analysis tells us that case 2 is compatible with the existing experimental measurements of the ∆F =2 mixings
as long as the second and third generation FC couplings of model III do not have a λij much larger than 1. This is
an interesting result as far as our predictions for σ(e+e− → t¯c+ c¯t) are concerned. Due to the constraints we cannot
enhance this cross section in any substantial fashion, but at least it is not suppressed and the values shown in Fig. 2
are roughly correct, with some room for a small enhancement. Similar considerations apply to the case of the rare
top decays that we discussed in Sec. IV.
Other more complicated assumptions on the FC couplings of the second and third generation could also be in-
vestigated. In order to consider only those possibilities that respect the best fit of the available phenomenologi-
cal constraints, we will postpone the analysis of other scenarios after the discussion of additional constraints from
Br(B → Xsγ), the ρ parameter, and Rb, in Sec. VII. As we have anticipated in presenting the results of Table II,
we will discuss in particular another scenario, the one we have denoted as Case 3, which could be of some physical
relevance.
VII. BR(B → Xsγ), ∆ρ, Rb AND THE CONSTRAINED PHYSICAL MODEL
As it is the case for 2HDM’s without FCNC’s (model I and model II) [36], so also in model III it is very difficult to
reconcile the measured value of the inclusive branching fraction for B → Xsγ [37]
Br(B → Xsγ) = (2.32± 0.51± 0.29± 0.32)× 10−4 (39)
with the experimental results for Rb, the ratio of the rate for Z → bb¯ to the rate for Z →hadrons. The present
situation [38] is such that Rexptb > R
SM
b (∼ 3σ) [39]
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Rexptb = 0.2202± 0.0016 , RSMb = 0.2156 (40)
and the value of Rexptb seems to challenge many extensions of the SM [40,41]. However, several issues on the mea-
surement of this observable are still unclear and require further scrutiny [41,42]. It is plausible that the experimental
situation will change in the future. Therefore we may want to consider both the case in which the constraint from
Rexptb is enforced and the case in which it is disregarded. A third crucial electroweak (EW) observable in this analysis
is given by the ρ parameter, which turns out to be very sensitive to the choice of the mass parameters of any new
physics beyond the SM. In a recent paper [41] we have studied the problem in detail, considering two major scenarios
in which the constraint from Rb is either enforced or disregarded. In the following we will summarize the main results
of Ref. [41] and discuss them in the context of the more general picture of model III that we have been tracing till
here.
Let us first recall how the presence of an extended scalar sector and of the new FC couplings affects the theoretical
prediction for B(B → Xsγ), ∆ρ and Rb.
The SM result for the inclusive branching ratio Br(B → Xsγ) [43,44] can be modified in order to include the
contributions from the new scalar fields and we obtain that in model III
R =
Br(B → Xsγ)
Br(B → Xcev¯e) ∼
Γ(b→ sγ)
Γ(b→ ceν¯e) =
6α
pi f(mc/mb)
F
(
|C(R)7 (mb)|2 + |C(L)7 (mb)|2
)
(41)
where f(mc/mb) is the phase-space factor for the semileptonic decay and F takes into account some O(αs) corrections
to both B → Xceν¯e and B → Xsγ decays (see refs. [41,45] for further comments). C(R)7 (mb) and C(L)7 (mb) are the
Wilson coefficients of the two magnetic type operators that occur in model III, for arbitrary ξU,Dij couplings (see
Ref. [41]),
Q
(R,L)
7 =
e
8pi2
mbs¯σ
µν(1± γ5)bFµν (42)
in the ∆S = 1 effective hamiltonian evaluated at the scale µ = mb. The approximate calculation of C
R
7 (mb) and
CL7 (mb) shows that in model III the Br(B → Xsγ) is always larger than the SM one [41]. This feature is very general
and the enhancement of the Br(B → Xsγ) depends on the assumptions we make on the new FC couplings and on
the masses of the neutral and charged scalar fields.
From the analysis of Ref. [41] it is clear that the Br(B → Xsγ) is very sensitive to any enhancement of the FC
couplings. The neutral scalar and pseudoscalar contributions, involving truly new kind of diagrams with respect not
only to the SM case but also to model I and model II 2HDM’s, are proportional to ξDbb and ξ
D
sb. The charged scalar
contribution depends on the charged couplings ξUuidj and ξ
D
uidj
for ui = c, t and dj = s, b [46]. In particular, the really
leading contribution arises from the diagram with a top quark in the loop and the relevant couplings will then be:
ξU,Dts and ξ
U,D
tb . According to Eq. (9) they are explicitly given by
ξUts = ξ
U
ttVts + ξ
U
tcVcs , ξ
U
tb = ξ
U
ttVtb + ξ
U
tcVcb (43)
ξDts = ξ
D
ssVts + ξ
D
sbVtb , ξ
D
tb = ξ
D
sbVts + ξ
D
bbVtb .
Therefore the final prediction for the Br(B → Xsγ) will depend on the whole set of FC couplings which involve
the second and the third generation. A strong enhancement of any of the λij would conflict with the experimental
prediction in Eq. (39), unless some very specific assumptions on the other parameters (couplings and masses) are
made [47].
Let us now consider Rb, defined as
Rb ≡ Γ(Z → bb¯)
Γ(Z → hadrons) . (44)
Neglecting all finite quark mass effects (mq ∼ 0) [48], the generic expression for Γ(Z → qq¯), for q = b, c, . . ., can be
written as
Γ(Z → qq¯) = Nc
6
αe
s2
W
c2
W
MZ
[
(∆q,L)
2 + (∆q,R)
2
]
(45)
where αe is the QED fine structure constant, Nc the number of colors, sW the Weinberg angle and ∆q,L(R) the chiral
left and right couplings of the Zqq¯ vertex. They can be written as the sum of a SM piece plus a correction induced,
in our case, by the new FC scalar couplings of model III
16
∆q,L(R) ≡ ∆SMq,L(R) +∆NEWq,L(R) . (46)
Since Rb is in the form of a ratio between two hadronic widths, most EW oblique and QCD corrections cancel, in the
massless limit, between the numerator and the denominator. The remaining ones, are absorbed in the definition of
the renormalized couplings αˆ and sˆW (cˆW ), up to terms of higher order in the electroweak corrections [49,50,36]. As a
consequence, the ∆q,L(R) couplings will be as in Eq. (46), with ∆
SM
q,L(R) given by the tree level SM couplings expressed
in terms of the renormalized couplings αˆ and sˆW (cˆW ). This feature makes the study of Rb particularly interesting,
because the new FC contributions may be easily disentangled in the Zqq¯ vertex corrections. Using Eqs. (45) and (46),
we can express Rb in terms of R
SM
b and R
SM
c as follows
Rb = R
SM
b
1 + δb
[1 +RSMb δb +R
SM
c δc]
(47)
where
δq = 2
∆SMqL∆
NEW
qL +∆
SM
qR∆
NEW
qR
(∆SMqL)
2 + (∆SMqR)
2
(48)
for q = b, c [51]. In Eqs. (47) and (48), terms of O((∆NEW
bL(R))
2) have been neglected and the numerical analysis
confirms the validity of this approximation. The vertex corrections ∆NEWqL and ∆
NEW
qR in model III will depend on
the new FC couplings and on the scalar masses. As explained in Ref. [41], the dominant contributions to ∆NEWqL,R are
due to the charged scalar and tend to further decrease the SM result, pushing the theoretical prediction for Rb in
the wrong direction with respect to the current experimental result in Eq. (40). The neutral scalar and pseudoscalar
contributions would increase Rb, but they are very small. In order to enhance them we have to make very strong
requirements on the couplings and masses of model III, which correspond to the scenario we identified as case 3. This
scenario and its compatibility with the other constraints will be discussed later on in this section.
Finally let us consider the ρ-parameter, i.e. the radiative corrections to the relation between MW and MZ . We
may expect that the W and Z propagators are modified by the presence of new scalar-gauge field couplings (see
Appendix A). In fact, the relation betweenMW andMZ is modified by the presence of new physics and the deviation
from the SM prediction is usually described by introducing the parameter ρ0 [34,52], defined as
ρ0 =
M2W
ρM2Z cos
2 θW
(49)
where the ρ parameter absorbs all the SM corrections to the gauge boson self-energies. We recall that the most
important SM correction at the one loop level is induced by the top quark [36,52]
ρtop ≃ 3GFm
2
t
8
√
2pi2
. (50)
Within the SM with only one scalar SU(2) doublet ρtree0 = 1. In the presence of new physics we have
ρ0 = 1 +∆ρ
NEW
0 (51)
where ∆ρNEW0 can be written in terms of the new contributions to the W and Z self-energies as
∆ρNEW0 =
ANEWWW (0)
M2W
− A
NEW
ZZ (0)
M2Z
. (52)
The determination of mt from FNAL [53] allows us to distinguish between ρ0 and ρ ≃ 1 + ρtop. From the recent
global fits of the electroweak data, which include the input for mt from Ref. [53] and the new experimental results on
Rb, ρ0 turns out to be very close to unity. For Rb=R
expt
b as in Eq. (40) and mt = (174± 16) GeV, Ref. [52] quotes
ρ0 = 1.0004± 0.0018± 0.0018 . (53)
This result clearly imposes stringent limits on the parameters of any extended model. Using the general analyti-
cal expressions in Ref. [54], and adapting the discussion to model III (making use of the Feynman rules given in
Appendix A), we find that
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∆ρNEW0 ≃
GF
8
√
2pi2
[
sin2αG(mc,mA,mH) + cos
2αG(mc,mA,mh)
]
(54)
where all the terms of order (M2W,Z/m
2
c) have been neglected and we define
G(mc,mA,mH,h) = m
2
c −
m2cm
2
A
m2c −m2A
log
m2c
m2A
− m
2
cm
2
H,h
m2c −m2H,h
log
m2c
m2H,h
+
m2Am
2
H,h
m2A −m2H,h
log
m2A
m2H,h
. (55)
Therefore the choice of the set of scalar masses will be crucial in order to make ∆ρ0 compatible with Eq. (53).
The results of our analysis of model III [41] indicate that there are two main available scenarios depending on our
choice of enforcing Rb as additional constraint or not. As far as the assumptions on the FC couplings are concerned,
they correspond to what in Sec. VI we called Case 2 and Case 3. However, new restrictions on the mass parameters
have been imposed by the additional constraints we have discussed in this section. Therefore we will enlarge the
definition of case 2 and case 3 to include also the bounds imposed on the mass parameters. The resulting two
scenarios will constitute the two available physical solutions of model III. We will devote the rest of this section to
illustrate them in detail and summarize their relevant features.
1. If we enforce the constraint from Rexptb (see Eq. (40)), then we can accommodate the present measurement
of the Br(B → Xsγ) (see Eq. (39)) and of the ∆F =2 mixings (see Table II) and at the same time satisfy the
global fit result for the ρ parameter (see Eq. (53)) provided the following conditions are satisfied.
i) The neutral scalar h0 and the pseudoscalar A0 are very light, i.e.
50GeV ≤ mh ∼ mA < 70GeV . (56)
ii) The charged scalar H+ is heavier than h0 and A0, but not too heavy to be in conflict with the constraints
from the ρ parameter in Eq. (53). Thus
150GeV ≤ mc ≤ 200GeV . (57)
iii) The ξDij couplings are enhanced with respect to the ξ
U
ij ones, as described by the pattern we identified as
Case 3
λbb ≫ 1 and λtt ≪ 1 (58)
λsb ≫ 1 and λct ≪ 1 .
The choice of the phase α is not as crucial as the above conditions and therefore we do not make any assumption
on it. Within this scenario Rb can be predicted to be less than 2σ away of R
expt
b . We refer the reader to Ref. [41]
for more details. From the previous requirements on the parameter of the model, we understand that it is in
general very difficult to accommodate the present value of Rexptb in model III. However, if we assume that the
FC couplings (namely, the λij parameters) are arbitrary and dictated only by phenomenology, then it is still
possible to find a very small region of the parameter space in which, in principle, model III is compatible with
the important experimental results. The values of the neutral scalar and pseudoscalar masses are required to
fit the narrow window of Eq. (56) and are very close to their experimental lower bounds. In order to increase
them and still agree with Rexptb , we would need a heavier mc and this would be in conflict with Eq. (57).
We recall that similar difficulties are present in model II as well [36]. However the important difference with
respect to model II is that this analysis of the constraints of model III gives us some hints on the possible range
of the new FC couplings. This can be used to explore interesting experimental consequences in FC transitions.
Let us review some of the most important ones.
As we can read in Table II, also in Case 3 the main contribution to the mixing comes from the one loop
diagrams. Contrary to the B0d−B¯0d and K0−K¯0 case, we note that in the D0−D¯0 case the mixing can be much
bigger than in the SM, although still a couple of orders of magnitude below the experimental bound. This is
the only case in which, in a F 0−F¯ 0 mixing, a loop contribution of model III can be much bigger than the SM
prediction. Therefore an improved experimental determination of the D0−D¯0 mixing would be very effective
in constraining the model parameters for case 3.
Moreover the possibility of having large ξDbb and ξ
D
sb couplings, as predicted by this scenario and allowed by the
present constraint on B0s −B¯0s , seems to be particularly interesting for the study of some rare B-decays (i.e.
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B → l+l− and B → Xsl+l−) [6,10] and of Z → b¯s+ bs¯. Due to its importance we will discuss this subject more
extensively in Sec. VIII.
Finally, surprisingly enough, we have verified that the cross section for top-charm production and the decay
rate for the rare top decays that we discussed in Sec. IV are not suppressed even if the ξUij couplings are. The
contribution from the neutral scalars and pseudoscalar are clearly negligible and the final result is dominated
by the charged scalar contribution. In this case, the analysis has to be extended with respect to the description
we give in Appendix B, in order to include the complete expression for the charged couplings (see Eq. (9)). In
fact, the contribution from the charged scalar will be dominated by the ξˆDcharged coupling of Eq. (9) instead of
by the ξˆUcharged ones as we assumed in Sec. III-IV and in Appendix B. The results of Appendix B are still valid,
provided some changes in the ξV , ξA, . . . couplings are made.
2. If we disregard the constraint from Rexptb there is no need anymore to impose the bounds of Eqs. (56)-(58)
and we can safely work in the scenario of Case 2, where only the first generation FC couplings are suppressed
λui, λdj ≪ 1 for i, j = 1, 2, 3 (59)
in order to satisfy the experimental constraints on the F 0−F¯ 0 mixings. We will assume the FC couplings of the
second an third generations to be given by Eq. (10) with λij≃O(1).
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FIG. 10. Br(B → Xsγ) in model III. The experimental result at 1σ (dashed) and 2σ (dot-dashed) is also given.
In this case model III predicts a Br(B → Xsγ) compatible with experiments at the 2σ-level [55], for mc ≥ 600
GeV, as we can see in Fig. 10. As soon as ξDbb is not enhanced anymore, the contribution of the neutral scalars
and pseudoscalar is completely negligible. Therefore, both the value of the mixing angle α and of the neutral
scalar and pseudoscalar masses (mH , mh, and mA) are irrelevant. In particular, Fig. 10 is obtained for α = 0
and values for mh and mA resulting from the fit to ∆ρ0 [41]
mH ,mh ≤ mc ≤ mA and mA ≤ mc ≤ mH ,mh . (60)
We note that none of the previous scenarios would give an enhanced value of Rb, because in that case mA and
mh would be required to be equal and light (see Eq. (56)). In fact, in this scenario model III predicts Rb to be
slightly smaller than RSMb (and Rc slightly bigger than R
SM
c ) [41].
The main theoretical predictions for case 2 have already been discussed in many sections of this paper: top-charm
production in Sec. III, rare top decays in Sec. IV and F 0−F¯ 0 mixings in Sec. VI.
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Process SM
2HDM’s
Model I,II
Model III
Case 3
Experiment
∆MBs 10
−12−10−11 10−12−10−10 > 9 · 10−12 > 4.3 · 10−12 [57]
Br(B0s → µ+µ−) ∼ 4 · 10−9 10−9−10−8 10
−7−10−4
(λµµ ≃ 1)
< 8.3 · 10−6 [58]
< 8.4 · 10−6 [59]
Br(B0 → Xsµ+µ−) ∼ 7 · 10−6 10−5−10−4 10
−6−10−4
(λµµ ≃ 1)
< 2.5 · 10−5 [59]
< 5 · 10−5 [60]
Br(Z → bs) ∼ 6 · 10−8 ∼ 10−8 10−8 − 10−6 ?
TABLE III. Values of ∆MBs (GeV), Br(Bs → µ+µ−), Br(Bs → Xsµ+µ−), and Br(Z → bs) in the SM, in 2HDM’s
with natural flavor conservation (Model I and Model II) and in case 3 of Model III. Each range is obtained by varying the
parameters of the corresponding model over a large region of the parameter space, compatible with phenomenology and with
the assumption of weakly coupled scalar fields.The present experimental bounds are also given. The top mass is taken to be
mt ≃ 180 GeV.
VIII. B0s−B¯0s , Z → b¯s AND SOME RARE B-DECAYS
We have seen in Sec. VII that the present experimental measurement of Rb (see Eq. (40)) suggests a new pattern
of FC couplings for model III, that we called Case 3, according to which the ξDij couplings would be enhanced with
respect to the ξUij ones. In this section we want to examine the compatibility of this assumption with the B
0
s−B¯0s
mixing and its phenomenological implications for the rare decays: B0 → Xsµ+µ−, Bs → µ+µ− and Z → bs (we
denote in this way the sum of the final states b¯s and bs¯).
We have summarized our present theoretical and experimental knowledge of these processes in Table III, where the
predictions of case 3 of model III are compared with the SM results and with the results of the 2HDM’s with natural
flavor conservation (model I and model II). The experimental situation is still uncertain for all of the processes under
study and we report in Table III the existing experimental bounds. It is clear from Table III that in these processes
there are good chances that continued experimental search could show deviations from the SM predictions.
As is the case for the other ∆F =2 mixings that we have examined in Sec. VI, B0s−B¯0s is extremely important to
constrain the corresponding FC coupling, i.e. ξDsb. However, for the time being the experiments give us only a lower
bound [57]
∆MBs > 4.3× 10−12GeV or xs ≡
∆MBs
ΓBs
> 10 . (61)
Specifying Eq. (37) to the B0s case, from Eq. (61) we get a lower bound for the ξ
D
sb FC coupling. Therefore B
0
s−B¯0s
tells us that the ξDsb coupling need not be small, i.e. λsb can be somewhat bigger than one. We know from the analysis
of Sec. VII that this compatibility is realized in case 3 of model III. Moreover, we have verified that the presence of
an enhanced ξDsb coupling does not represent a problem for non-leptonic decays of the b quark, in particular for those
decays which arise at the tree level via b → scc¯. In the spirit of this qualitative analysis, we ask that at the quark
level the contribution from new physics to the rate Γ(b→ scc¯) is appreciably smaller than the corresponding SM one.
This is indeed the case for λsb < 40 , i.e. in a large range of values.
It is remarkable that the B0s−B¯0s mixing does not prevent ξDsb from belonging to that small region of the parameter
space of model III which is suggested by Rexptb . Therefore we want to further investigate the phenomenological
consequences of case 3 of model III in some physical processes that more directly involve the ξDsb coupling: the rare
B-decays B → Xsµ+µ− and B0s → µ+µ− and the decay Z → bs.
The phenomenological relevance of the decay B0d,s → l+l− and in particular of Bd,s → µ+µ− has been pointed out in
Ref. [6]. Although the experimental measurement is still poor [58,59], this is a rare but theoretically very clean B-decay,
which is not affected by large QCD corrections. In model III it can arise at the tree level via the exchange of a neutral
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FIG. 11. Rbs as a function of
√
s for the two scenarios of case 2 (solid) and case 3 (dashed).
scalar or pseudoscalar with FC interactions. We think that the possibility of having a large ξDsb coupling prompts us
to reconsider B0s → µ+µ−. As is the case for B0d , the prediction for B0s → µ+µ− in model III can be enhanced at least
by a factor of 102 with respect to the SM and to the 2HDM’s with natural flavor conservation. However, the range
reported in Table III is obtained for a ξµµ coupling given by Eq. (10) with λµµ≃1 and different enhancements of the
ξDsb coupling. As we said from the very beginning, we do not want to consider here the implementation of model III
in the leptonic sector. Therefore we will take the number of Table III just as an indication of the possibility of new
interesting signals from this rare decay.
The B → Xsµ+µ− case could be even more interesting. In fact, as we can see from Table III, better experimental
bounds [59,60] exist and are nowadays only one order of magnitude away from the SM prediction, which is known to
very high accuracy (including QCD corrections, long distance effects, etc.) [61,62]. Therefore this decay could become
a good constraint for the ξDbb and ξ
D
sb couplings. In model III there are two possible contributions at the parton level:
a one loop transition due to the one loop induced effective Zbs vertex and a tree level transition directly mediated by
a non-standard neutral scalar or pseudoscalar (H0, h0 or A0). The tree level contribution crucially depends on the
order of magnitude of the ξDsb coupling and on the assumption we make on the ξµµ coupling. In particular, if ξ
D
sb is
enhanced and mh,mA are not too heavy (as in case 3), this contribution could become very important for ξµµ given
by Eq. (10) with λµµ≃O(1). However the dependence on ξµµ does not allow us to make strong statements. As we
explained before, the one loop contribution in model III does not depend on ξµµ and can be comparable, for large ξ
D
bb
and ξDsb, to the SM contribution. Indeed the effective Zbs vertices in the SM and in model III are given respectively
by
(V µZbs)SM ≃
g
cW
αe
4pis2W
(∆bsL )SMb¯Lγ
µsL (62)
(V µZbs)MOD3 ≃
g
cW
αe
4pis2W
[(∆bsL )MOD3 b¯Lγ
µsL + (∆
bs
R )MOD3 b¯Rγ
µsR]
where αe is the QED fine structure constant, sW the Weinberg angle and we have used the notation γ
µ
L,R = (1±γ5)/2.
Comparing the ∆bsL,R couplings we note that (∆
bs
L )SM≃ 0.1 while (∆bsL,R)MOD3 depend on ξDbb and ξDsb. For instance,
when λbb ≃ 40 and λsb ≃ 10, (∆bsL )MOD3 ≃ 0.3, (∆bsR )MOD3 ≃ 0.06 and the contribution of model III to the
Br(B → Xsµ+µ−) becomes comparable or even larger than the SM one. Therefore, this decay can play an important
role in confirming the case 3 scenario of model III and the compatibility of the model with the present experimental
prediction for Rb and the most important other EW constraints.
Finally, the effective Zbs vertex also induces a non negligible rate for Z → bs. This rate is given in the SM and in
model III respectively by
Γ(Z → bs)SM ≃ Nc αe
6s2W c
2
W
MZ
(
αe
4pis2W
)2
(∆bsL )
2
SM (63)
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Γ(Z → bs)MOD3 ≃ Nc
αe
6s2W c
2
W
MZ
(
αe
4pis2W
)2 [
(∆bsL )
2
MOD3 + (∆
bs
R )
2
MOD3
]
.
In the scenario of case 3, Γ(Z → bs)MOD3 can be almost an order of magnitude larger than Γ(Z → bs)SM. This
is reported in terms of branching ratio in Table III, where the previous rates have been normalized to the Z width
(ΓZ = 2.49 ± 0.007 GeV). Much of the relevance of this decay mode in model III depends on the enhancement of
the ξDij couplings. Therefore, any experimental bound would be extremely effective. We illustrate in Fig. 11 the cross
section for the related process e+e− → s¯b+ sb¯ normalized to the cross section for e+e− → γ∗ → µ+µ−, i.e.
Rbs ≡ σ(e
+e− → bs¯+ b¯s)
σ(e+e− → γ∗ → µ+µ−) (64)
starting from values of the center of mass energy below the Z-peak up to
√
s=1 TeV. The upper curve corresponds
to case 3 and the lower curve to case 2. As we can see, there is a considerable enhancement in the scenario of case 3
that we are considering in this section. Although the Z → bs events are not as distinctive as the tc-production
events, Fig. 11 seems to suggest that the experimental situation may be favorable and more experimental effort in
this direction appears very worthwhile.
IX. OUTLOOK AND CONCLUSIONS
In this paper and in Refs. [1,2,41] we examined the phenomenology of FCSC’s that may occur in extended models.
We strongly share the point of view with many that the extraordinary mass scale of the top quark should prompt us
all to reexamine our theoretical prejudices against the existence of such currents, especially involving the top quark.
A very simple extension of the SM with another Higgs doublet leads rather naturally to such scalar currents.
The model has the nice feature that experimental information can be systematically catalogued and guidance for
further effort can be sought. The model has important bearings for some key reactions: e+e−(µ+µ−) → t¯c + tc¯, cc¯;
t→ cγ(g, Z); D0-D¯0, and B0s -B¯0s oscillations; B(Bs)→ l+l−, B(Bs)→ l+l−Xs, and e+e−(Z)→ bs¯+ b¯s. Continued
experimental effort towards these can hardly be over emphasized. The model also has important implications for
Z → bb¯ and we want to stress that it is extremely important to clarify the experimental situation regarding Z → bb¯.
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APPENDIX A: FEYNMAN RULES FOR MODEL III
In this appendix we summarize the Feynman rules for model III, which are used in the calculations presented in
the paper. We choose to work in the ’t Hooft-Feynman gauge.
Fermion-Scalar couplings
We present the Feynman rules for the couplings of the scalar fields H1 (neutral scalar), H2 (neutral pseudoscalar),
and H+ (charged scalar), to up-type and down-type quarks, as can be derived from the Yukawa Lagrangian of
model III (Eqs. (1)–(7)). Following the discussion of Sec. II, these are the Feynman rules we need in our calculation
of Rb.
H1
Qi(U,D)
Qj(U,D)
−i
2
√
2
[
(ξU,Dij + ξ
U,D∗
ji ) + (ξ
U,D
ij − ξU,D∗ji )γ5
]
H2
Qi(U,D)
Qj(U,D)
1
2
√
2
[
(ξU,Dij − ξU,D∗ji ) + (ξU,Dij + ξU,D∗ji )γ5
]
H+
Ui
Dj
−i
2
[
VCKM ·ξDij (1 + γ5)− ξUij ·VCKM(1− γ5)
]
Although the ξU,Dij couplings are left complex in the above, in practice, in our calculation we assumed they are real,
i.e. ξU,Dij ≃ ξU,D∗ij , as we were not concerned with any phase-dependent effects.
Gauge boson-Scalar couplings
Here is a list of the Z-boson, W -boson, and γ interactions with model III scalar fields. We report them in terms
of scalar mass eigenstates, H¯0, h0, A0, and H+. We always have to take note of the relations (see Eqs. (5) and
(6)) between the scalar mass eigenstates and (H0, H1, H2, H+) and use the fact that neither ZH0H1 nor ZH0H2
couplings are present [54,12]. We note the absence at the tree level of vertices like A0ZµZν and A0Wµ+W
ν
−.
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Zµ
A0, h0
H0, χ0
p2
p1
gW
2cW
sinα (p2 − p1)µ
Zµ
A0, χ0
h0, H0
p2
p1
gW
2cW
cosα (p2 − p1)µ
Zµ
H+, χ+
H-, χ-
p2
p1
igW
2cW
(1 − 2s2
W
)(p2 − p1)µ
γµ
H+, χ+
H-, χ-
p2
p1
ie (p2 − p1)µ
W+
µ
H-, χ-
A0, χ0
p2
p1
gW
2 (p2 − p1)µ
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W+
µ
H-, χ-
h0, H0
p2
p1
−igW
2 cosα (p2 − p1)µ
W+
µ
H-, h0
H0, χ-
p2
p1
−igW
2 sinα (p2 − p1)µ
H0
Zµ
Zν
i gW
cW
MZ cosα g
µν
h0
Zµ
Zν
−i gW
cW
MZ sinαg
µν
H0
W+
µ
W
-
ν
igWMW cosαg
µν
h0
W+
µ
W
-
ν
−igMW sinαgµν
APPENDIX B: ONE LOOP FORM FACTORS FOR THE Ztc AND THE γtc VERTICES
In this appendix we give the complete analytical expressions of the one-loop form factors for the Ztc, γtc, and gtc
(g=gluon) vertices, defined by
∆
(V )
tc =
1
16pi2
c¯
(
A(V )γµ +B(V )γµγ5 + iC(V )σµν
qν
mt
+ iD(V )σµν
qν
mt
γ5
)
tVµ (B1)
where V = γ, Z, g and in the gluon case we understand that g = gaT a for a = 1, . . . 8, T a denoting the SU(3) color
matrices. This parameterization is obtained by reducing the most general tensorial form of the ∆
(V )
tc vertex using the
Gordon’s decomposition and the gauge invariance of the currents involved.
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Referring to the definition of the mass scalar eigenstates in Eq. (5), and using the Feynman rules of Appendix A,
we have computed corrections both for α=0 and for α 6=0 . At the qualitative level of our analysis this makes a minor
difference. Therefore, we decide to give in the following the analytical results in the case of α=0. In model III with
α=0, H0, H1 and H2 coincide with the mass eigenstates H¯0, h0, and A0 and all the new FC contributions come from
the second doublet. Therefore the form factors A(γ,Z,g), B(γ,Z,g), . . . are calculated by summing up all the one loop
corrections generated by the neutral scalar h0, the neutral pseudoscalar A0 and the charged scalar H+. Following
Ref. [7], we will write each single form factor as the sum of four different contributions, i.e.
F (V ) = F
(V )
h + F
(V )
A + F
(V )
M + F
(V )
C for F = A,B,C,D (B2)
where F
(V )
h denotes the contribution coming from those diagrams in which an h
0 neutral scalar is exchanged, F
(V )
A
and F
(V )
C the same for the neutral pseudoscalar A
0 and for the charged scalar H+ and finally F
(V )
M represents the
mixed h0-A0 contribution (see Fig. 1).
The choice of α = 0 and of the previous notation should also help the comparison with an analogous calculation
reported in Ref. [7], in which the authors computed the Br(t → cZ) and the Br(t → cγ). Indeed, in model III, the
effective one loop couplings Ztc and γtc (calculated for q2 6= 0) enter in the same way both in the calculation of the
rates Γ(t→ cZ, γ) and in the cross section for e+e− → γ∗, Z∗ → tc¯+ t¯c. We find that our results are often different
from the ones reported in Ref. [7]. In particular, we confirm the results for F
(V )
h and F
(V )
C , whereas we have different
analytical results for F
(V )
A and F
(V )
M .
As a proof of consistency of our results, we have checked that the sum of different sets of diagrams is divergence
free and that the final one-loop vertices satisfy the right Ward identities. We recall that, for each different form
factor F (V ) (for F = A,B,C,D), the pole cancellation is verified separately for F
(V )
h + F
(V )
A + F
(V )
M , and F
(V )
C . In
this respect we note that if we use the results reported in Ref. [7], there is one case in which the cancellation of the
divergent terms among different diagrams seems not to be verified, namely the term AZh +A
Z
A +A
Z
M in the A
Z form
factor [63].
We finally note that in the analytical computation of the Feynman diagrams, all the quarks except the top quark are
taken to be massless. Non-zero light quark masses are kept only in the ξU,Dij couplings, according to the assumption
made in Eq. (10).
Our results for the form factors are described in the following, where, for the sake of comparison, we adopt the
notation of Ref. [7]. The form factors are indicated as Fh, . . . (for F = A,B,C,D), where the upper index is dropped
in order to slightly simplify the notation of Eqs. (B1) and (B2). The distinction between the different vector boson
(γ, Z or g) is made at the level of the couplings.
Contribution of h0
Ah =
∫ 1
0
dx
[
−(1− x) log β
h
µ2
+ log γh
] (
ξhV αV − ξhAαA
)
+
∫ 1
0
∫ 1−x
0
dxdy
[(
1 + log
ηh
µ2
− xyq
2
ηh
)(
ξhV αV + ξ
h
AαA
)
+
m2t (x+ y − 2)
ηh
(
ξhV αV − ξhAαA
)]
Bh =
∫ 1
0
dx
[
−(1− x) log β
h
µ2
+ log γh
] (
ξhV αA − ξhAαV
)
(B3)
+
∫ 1
0
∫ 1−x
0
dxdy
[(
−1− log η
h
µ2
+
xyq2
ηh
)(
ξhV αA + ξ
h
AαV
)
+
m2t (x+ y − 2)
ηh
(
ξhV αA − ξhAαV
)]
Ch = m
2
t
∫ 1
0
∫ 1−x
0
dxdy
[
− x
ηh
(
ξhV αV − ξhAαA
)− y(2− x− y)
ηh
(
ξhV αV + ξ
h
AαA
)]
Dh = m
2
t
∫ 1
0
∫ 1−x
0
dxdy
[
− x
ηh
(
ξhAαV − ξhV αA
)− y(2− x− y)
ηh
(
ξhV αA + ξ
h
AαV
)]
where we have introduced the following definitions
βh = xm2t + (1− x)m2h
ηh = (x+ xy + y2)m2t + (1− x− y)m2h − xyq2 (B4)
γh =
xm2t + (1− x)m2h
x2m2t + (1− x)m2h
,
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denoting by q2 = s the mass of the gauge boson (physical mass or invariant mass depending on the process considered)
involved in the top-charm production process. The couplings ξhV and ξ
h
A are defined as the following two linear
combinations of the original ξUct and ξ
U
tt couplings
ξhV =
1
4
ξUtt
(
ξUct + ξ
U∗
tc
)
and ξhA =
1
4
ξUtt
(
ξUct − ξU∗tc
)
(B5)
while αV = α
γ,Z,g
V and αA = α
γ,Z,g
A denote the vector and axial-vector couplings of the different gauge bosons, given
respectively by
αγV =
2
3
e , αγA = 0 (B6)
αZV =
gW
4 cos θW
(
1− 8
3
sin θW
)
, αZA = −
gW
4 cos θW
αgV = gs , α
g
A = 0
where e, gW and gs are the electromagnetic, weak and strong coupling constant, while θW is the Weinberg angle.
These results are in agreement with those of Ref. [7]. The apparent difference in sign for Ch and Dh is only due to a
different assumption on the momentum of the gauge boson.
Contribution of A0
AA =
∫ 1
0
dx
[
−(1− x) log β
A
µ2
− log γA
] (
ξAAαV − ξAV αA
)
−
∫ 1
0
∫ 1−x
0
dxdy
[(
−1− log η
A
µ2
+
xyq2
ηA
)(
ξAAαV + ξ
A
V αA
)
+
m2t (x+ y)
ηA
(
ξAAαV − ξAV αA
)]
(B7)
BA =
∫ 1
0
dx
[
−(1− x) log β
A
µ2
− log γA
] (−ξAV αV + ξAAαA) (B8)
−
∫ 1
0
∫ 1−x
0
dxdy
[(
1 + log
ηA
µ2
− xyq
2
ηA
)(
ξAV αV + ξ
A
AαA
)
+
m2t (x+ y)
ηA
(−ξAV αV + ξAAαA)
]
CA = m
2
t
∫ 1
0
∫ 1−x
0
dxdy
[
x
ηA
(
ξAAαV − ξAV αA
)
+
y(x+ y)
ηA
(
ξAAαV + ξ
A
V αA
)]
DA = m
2
t
∫ 1
0
∫ 1−x
0
dxdy
[
x
ηA
(
ξAV αV − ξAAαA
)
+
y(x+ y)
ηA
(
ξAV αV + ξ
A
AαA
)]
where, in analogy with the previous case, we have introduced the following definitions
βA = xm2t + (1− x)m2A
ηA = (x+ xy + y2)m2t + (1− x− y)m2A − xyq2 (B9)
γA =
xm2t + (1− x)m2A
x2m2t + (1− x)m2A
.
The couplings ξAV and ξ
A
A are now defined to be
ξAV =
1
4
ξUtt
(
ξUct − ξU∗tc
)
and ξAA =
1
4
ξUtt
(
ξUct + ξ
U∗
tc
)
(B10)
while αV = α
γ,Z,g
V and αA = α
γ,Z,g
A as in Eq. (B6). In this set of results we find many points of difference with respect
to Ref. [7].
Contribution from diagrams with both h0 and A0
AM = αM
∫ 1
0
∫ 1−x
0
dxdy
{[
log
ηM1
µ2
−m2t
(1− y − xy − x2)
ηM1
]
ξM1V
29
+[
log
ηM2
µ2
+m2t
(1− 2x− y + xy + x2)
ηM2
]
ξM2A
}
BM = αM
∫ 1
0
∫ 1−x
0
dxdy
{[
− log η
M1
µ2
+m2t
(1− y − xy − x2)
ηM1
]
ξM1A
+
[
− log η
M2
µ2
−m2t
(1− 2x− y + xy + x2)
ηM2
]
ξM2V
}
(B11)
CM = αMm
2
t
∫ 1
0
∫ 1−x
0
dxdy
{
− (1− y − xy − x
2)
ηM1
ξM1V −
(1 − 2x− y + xy + x2)
ηM2
ξM2A
}
DM = αMm
2
t
∫ 1
0
∫ 1−x
0
dxdy
{
(1 − y − xy − x2)
ηM1
ξM1A −
(1− 2x− y + xy + x2)
ηM2
ξM2V
}
where we have used the following definitions
ηM1 = (1 − 2x− y + xy + x2)m2t + ym2A + xm2h − xyq2
ηM2 = (1 − 2x− y + xy + x2)m2t + xm2A + ym2h − xyq2 . (B12)
The couplings are now expressed in terms of ξM1V,A and ξ
M2
V,A, defined as
ξM1V =
1
4
ξUtt
(
ξUct − ξU∗tc
)
, ξM1A =
1
4
ξUtt
(
ξUct + ξ
U∗
tc
)
ξM2V =
1
4
ξUtt
(
ξUct + ξ
U∗
tc
)
, ξM2A =
1
4
ξUtt
(
ξUct − ξU∗tc
)
(B13)
while the couplings of the photon and of the Z boson to the neutral scalar and pseudoscalar are given respectively by
αγM = 0 , α
Z
M =
gW
2 cos θW
and αgM = 0 . (B14)
Also in this set of results we find many points of difference with respect to Ref. [7].
Contribution from H+
AC = ξ
C
{
−4aR
∫ 1
0
dx(1 − x) log βC + 4bL
∫ 1
0
∫ 1−x
0
dxdy
(
1 + log
ηC1
µ2
− xyq
2
ηC1
)
+ 2JC
∫ 1
0
∫ 1−x
0
dxdy
[
log
ηC2
µ2
−m2t
y(1− x− y)
ηC2
]}
BC = AC (B15)
CC = −ξCm2t
∫ 1
o
∫ 1−x
0
dxdy y(1− x− y)
(
4bL
ηC1
− 2JC
ηC2
)
DC = −CC
where the following definitions have been used
ηC1 = (1 − x− y)(m2C − xm2t )− xyq2 (B16)
ηC2 = (x+ y)m2C − y(1− x− y)m2t − xyq2 .
Using Eq. (9), we should define ξC to be a linear combination of many terms. However, if we follow the Cheng and
Sher ansatz in Eq. (10) with λij ∼O(1), there is only one term among all the possible ones which gives the leading
contribution, and therefore we define
ξC =
1
4
ξUttξ
U
ct . (B17)
If different assumptions on the couplings of Eq. (10) are made, this statement will need to be modified. However, in
most cases, the main analytical results are still valid.
Finally the remaining couplings are given for the different vector bosons respectively by
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aγR =
1
3
e , bγL = −
1
6
e , JγC = e (B18)
aZR = −
gWs
2
W
3cW
, bZL = −
gW
4cW
(
1− 2
3
s2
W
)
, JZC =
gW
2cW
(1− 2s2
W
)
agR =
1
2
gs , b
g
L =
1
2
gs , J
g
C = 0 .
In our calculation we further assume that the ξU,Dij couplings are real, as we are not concerned with any phase
dependent effect, and symmetric for sake of simplicity. This amount to set in the previous expressions ξU∗tc =ξ
U
ct.
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